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L INTRODUCTION.

The insulin-like growth factor binding proteins (IGFBPs) 1-6 bind IGF-I and IGF-II with
high affinity and serve to transport the IGFs, prolong their half-lives, and modulate their
proliferative and anabolic effects on target cells. The molecular mechanisms involved in the
interaction of the IGFBPs with the IGFs and their receptors remain unclear, but these molecules
appear, at least, to regulate the availability of free IGFs for interaction with IGF receptors.
Recent studies from our laboratory and others demonstrated that some IGFBPs have ability to
exert IGF-independent actions.

In this project, I proposed investigation of the characterization of the IGFBP-3-specific
receptor, the elucidation of the pertinent signal transduction pathways and analysis of
structure-function relationships in the IGFBP-3 in the context of growth control in human

breast cancer.
II. BODY.
I. characterization of the IGFBP-3 receptor in human breast cancer cells (Tasks 1-7).

In our continuing investigation of the biological importance of IGFBP-3, we are characterizing
specificity of the IGFBP-3 receptor binding to IGFBP-3 and involvement of the IGFBP-3
receptor on the IGFBP-3-induced growth inhibition.

As IGFBP-3 has been previously reported to specifically bind to the surface of breast cancer cells
and subsequently exhibit growth suppressing activity, I further determined whether the IGFBP-3
receptor might participate in this process. Hs578T and MCF-7 human breast cancer cells were
transiently transfected with a construct encoding IGFBP-3 receptor FLAG-tagged at the
C-terminus (4-33%) or with vector alone. These cells were then subjected to a monolayer binding
assay using '’I-labelled IGFBP-3. The overexpression of 4-33 resulted in a 30-60% increase in
IGFBP-3 binding to the cell surface relative to cells expressing endogenous levels of 4-33 (Figure
1). This result was greatly magnified when the same assay was done using Sf9 insect cells either
uninfected or infected with virus harboring the 4-33F ¢cDNA, as the infected cells overexpress 4-
33" to a much greater degree compared to control cells. In these cells the increase in IGFBP-3
cell surface binding was nearly 3.5 fold over control. The increased IGFBP-3 binding was
competed in a dose-dependent manner with the addition of cold IGFBP-3, and was unaffected by
the presence of the FLAG-tag at the C-terminus of the 4-33 protein. Further, fragments of
IGFBP-3 containing the putative binding region for 4-33 (amino acids 88-148) were able to
successfully compete labelled full-length IGFBP-3 binding, but an N-terminal fragment comprised




of amino acids 1-97 was not. Additionally, other IGF binding proteins were unable to compete
IGFBP-3 binding in this assay, demonstrating IGFBP-3 specificity.
A) B)
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IGFBP-3 Cell Surface BindingAssay Competitive Binding Results
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The IGFBP-3 receptor involvement in IGFBP-3 biological function: cell cycle arrest and
apoptosis.

To facilitate the study of the biological actions of 4-33 and IGFBP-3, we have generated a
stably-transfected inducible IGFBP-3 MCF-7 breast cancer cell line using the ecdysone-inducible
system (see Appendix 1). One of the sublines, designated MCF-7:BP-3 #3 (colony #3), inducibly
produced IGFBP-3 at levels comparable to the endogenous levels produced by Hs578T cells.
The induction of IGFBP-3 in these cells caused inhibition of growth and DNA synthesis as
measured by incorporation of [*H]thymidine, to a similar degree as has been described for
treatment of MCF-7 cells with exogenous IGFBP-3. Induced expression of IGFBP-3 in these
cells further leads to cell cycle arrest at G;. We observed an increase in the percentage of cell in
G; from 72.1% to 78.1%, with a concurrent decrease in cells in S and G2/M phases (data not
shown, see Appendix 1). Further, our data indicate that IGFBP-3 induces apoptosis in this cell

system (Figure 2).
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Figure 2. A) IGFBP-3-induced cell cycle arrest. B) IGFBP-3 induction of apoptosis, as measured by Annexin V

binding and assays for caspase activity. * = p<0.05.

Studies of 4-33 in breast cancer cells which produce IGFBP-3 demonstrated that transient
overexpression of 4-33 resulted in a significant increase in cell detachment / death over time,
compared to little or no effect in cells which do not produce IGFBP-3 (data not shown).
IGFBP-3-expressing Hs578T cells displayed fewer cells per field following transient
overexpression of 4-33 compared to transfection with vector alone, while no such effect was seen
in IGFBP-3-nonexpressing MCF-7 cells. We further investigated the effect of 4-33 and IGFBP-3
on cell proliferation as indicated by incorporation of [*H]thymidine during DNA synthesis. We
compared wild type MCF-7 cells with the MCF-7:BP-3 #3 subline, with and without incubation
with ponasterone A. As expected, induction of IGFBP-3 by ponasterone A resulted in an
inhibition of DNA synthesis to an average of 55% of control levels (Figure 3). With the
additional overexpression of 4-33 in these cells, DNA synthesis was further inhibited down to an
average of 35% of control levels. Overexpression of 4-33 had no significant effect on DNA
synthesis in the absence of IGFBP-3 (either wild type
MCF-7 or uninduced MCF-7:BP-3 #3 cells), and
ponasterone A had no inhibitory effect in wild type MCF-7

SH-Thymidine incorporation

aCS2+
& CS/BP-3R

cells.

Figure 3. Growth inhibition of breast cancer cells by IGFBP-3 and
4-33. 4-33 enhances the IGFBP-3 growth-inhibitory effect on breast

cancer cells as measured by thymidine incorporation. * = p<0.05.

2. Identification of the IGFBP-3/IGFBP-3 receptor-induced signal tansduction pathway
(Tasks 8 and 9)

As reported last year, we have successfully generated inducible IGFBP-3 stably transfected human
breast cancer cell line, MCF-7:IGFBP-3 #3 (see Appendix 1). Dose-dependent inducible
production of IGFBP-3 protein was detected in the induced stably-transfected cells, compared to
undetectable levels in control parental and uninduced stably-transfected cells. Induction of
IGFBP-3 in these cells showed dose-dependent inhibition of DNA synthesis as assessed by [3H]-

thymidine incorporation assays. This inhibitory effect was abolished by co-treatment with Y60L-




IGF-1, an IGF analog which has significantly reduced affinity for the IGF receptor but retains high
affinity for IGFBP-3, demonstrating specificity and IGF-independence. In addition, flow
cytometry analysis showed that induced expression of IGFBP-3 led to an arrest of the cell cycle in
G1-S phase. Induction of IGFBP-3 resulted in a significant decrease in the mRNA and protein
Jevels of cyclin D, but not cyclin E, as well as concomitant decreases in the levels of cdk4, total-
Rb, and phosphorylated-Rb, consistent with and presenting a possible mechanism for IGFBP-3-
induced cell cycle arrest. Moreover, IGFBP-3 inhibited oncogenic Ras-induced phosphorylation
of MAPKSs, presenting the evidence for cross-talk of IGFBP-3 signaling with MAPK signal
transduction pathway. IGFBP-3-expressing cells also displayed increased Annexin V binding
compared to controls, exhibiting the IGFBP-3-induced apoptosis. Further studies demonstrated
that IGFBP-3 caused an increase in caspase activities, suggesting a potential mechanism for the
IGFBP-3-induced apoptosis. Taken together, present study shows that cellular production of
IGFBP-3 leads to cell cycle arrest and induction of apoptosis, thereby inhibiting cell proliferation
in these MCF-7 human breast cancer cells and suggesting that IGFBP-3 functions as a negative

regulator of breast cancer cell growth, independent of the IGF axis.

Cell cycle arrest. I examined the effect of the IGFBP-3 receptor on these specific proteins known

to be involved in cell cycle progression and the apoptotic process. Hs578T and MCF-7 cells, and
the IGFBP-3-constitutively expressing MCF-7:BP-3 #1 cell line were either left untreated, treated
with an apoptosis inducer (sodium butyrate, NaB), or transfected with vector alone or the
IGFBP-3 receptor. At 24 hours post-transfection cell lysates were harvested, assayed for protein
content, and equal amounts of protein per sample were immunoblotted. Examination of cell cycle
proteins cyclin D1, cyclin E, and p21/Wafl revealed a specific decrease in the level of cyclin D1
protein in the IGFBP-3 receptor-transfected cells in the presence of IGFBP-3. Control
transfected cells, and the IGFBP-3 receptor-transfected cells in the absence of IGFBP-3 had no
effect on cyclin D1 levels. Cyclin E and p21/Wafl were unaffected by these treatments, while
proper induction of p21/Wafl was seen with NaB treatment. Additionally, when the IGFBP-3
receptor-transfected cells were examined by immunofluorescence with antibodies against Cyclin
D1, Rb and the IGFBP-3 receptor, a significant reduction in both Cyclin D1 and Rb
immunodetectable protein levels occurred in 4-33-transfected cells, but not in neighboring
untransfected cells (Figure 4).
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A possible mechanism for this effect may be perturbation of p44/42 mitogen-activated
protein kinase (MAPK) signaling pathways. Our data indicate that levels of phosphorylated
MAPK, Cyclin D1, and phosphorylated retinoblastoma (Rb) proteins are significantly reduced
upon induction of IGFBP-3 expression in MCF-7:BP-3 #3 cells (Figure 5).
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Figure 5. Western immunoblot and immunofluorescence data showing a significant decrease in the levels of

phospho-p44/42 MAPK, Cyclin D1, and phospho-Rb proteins with induction of IGFBP-3 expression.




Apoptosis: We further investigated whether the IGFBP-3 receptor plays a role in IGFBP-3-
induced apoptosis. Hs578T, MCF-7, and induced MCF-7:BP-3 #3 cells were either untreated or
transfected with vector or 4-33 and the cell cycle profile was analyzed by propidium iodide
staining of DNA content followed by flow cytometry detection (Figure 6A). In each case, the
IGFBP-3 receptor-transfected cells displayed an increase in the sub-Gl population and a
concurrent decrease in the S/G2/M population compared to control cells. A peak in the sub-G1
range can be indicative of cells undergoing apoptosis. We investigated this further using an
Annexin V assay, which is used to identify cells early in the apoptotic process. By incubating
suspended cells with FITC-labelled Annexin V, coupled with concurrent propidium iodide staining
without permeabilization of the plasma membrane, it is possible to discriminate between cells in
early apoptosis and those in late apoptosis or necrosis using a two-color flow cytometric analysis.
Hs578T cells were transfected with vector alone or the IGFBP-3 receptor, and subsequently
harvested and assayed at 14, 24, 36, and 48 hours post-transfection. As shown in Figure 6B, at
each time point, the population of early apoptotic cells was significantly increased in the cells
transfected with the IGFBP-3 receptor, compared to control-transfected cells.

Hsb78T

A) (Bsp_3 +) IZICFJ B) Hs578T:AnnexinV / PI

BP-3 -) 30
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14 24 36 48
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Figure 6. Induction of apoptosis by IGFBP-3 and the IGFBP-3 receptor (4-33). A) Cell cycle analysis of breast
cancer cells either untransfected or transfected with vector or 4-33. B) Annexin V binding assay data from a time
course of Hs578T cells transfected with vector or 4-33. Annexin V binding is an indicator of the early stages of

apoptosis.




As IGFBP-3 has been shown to potentiate caspase activity, we examined this phenomenon
as a potential mechanism for IGFBP-3/IGFBP-3 receptor biological funtion. Caspases are a
family of evolutionarily related cysteine-dependent proteases, with an universal specificity for Asp
in the Py position, that play a prominent role during the progression of apoptosis. Activation of
caspases and subsequent cleavage of critical cellular substrates are implicated in many of the
morphological and biochemical changes associated with apoptotic cell death. Using an assay
which detects activity of a broad range of caspases by incubating cell lysates with a mixture of
purified fluorogenic peptide caspase substrates and measuring subsequent reaction kinetics, we
demonstrated a measurable and reproducible increase in caspase activity (described as pmol
substrate cleaved / min / mg protein) in Hs578T cells with transient overexpression of 4-33

compared to control-transfected cells (Figure 7).

Caspase activity: HsS78T
100

80 - Figure 7. Potentiation of caspase activity in Hs578T
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60 -

0

CS2+ i CS/4-33F

* controls. * = p<0.05.

3. Characterization of structure-function aspects of IGFBP-3 action in human breast
cancer. (Tasks 10-13)

Our previous report demonstrated that we have generated proteolytic fragments derived
from plasmin-digested recombinant human IGFBP-3, synthetic fragments generated using the
baculovirus expression system, and IGFBP-3 fragments in normal human urine. With each of
these reagents we demonstrated retention of IGF binding of an N-terminal IGFBP-3 fragment,
albeit with significantly reduced affinity as compared to the intact molecule. In addition, we
demonstrated that these N-terminal fragments can bind specifically to insulin, and inhibit insulin
receptor autophosphorylation. As further investigation, we identified differential effects of

IGFBP-3 and those IGFBP-3 proteolytic fragments on ligand binding, cell surface association and

10




IGF-I receptor signaling (see Appendix #2). We demonstrated that IGFBP-3 showed a dose-
dependent inhibition of autophosphorylation of the beta-subunit of IGF-I receptor (IGFIR). The
(1-97)NH2-terminal fragment inhibited IGFIR autophosphorylation at high concentrations and
this effect appears largely due to sequestration of IGF-I. In contrast, no inhibition of IGF-I
induced IGFIR autophosphorylation was detectable with the (98-264) and (184-264)COOH-
terminal fragments, despite their ability to bind IGF. However, unlike the (1-97)NH2-terminal
fragment, the COOH-terminal fragments of IGFBP-3 retained their ability to associate with the
cell surface and this binding was competed by heparin, similar to intact IGFBP-3 (Appendix #2).
In addition, we are in the progress to synthesize IGFBP-3 mutants which show no binding affinity

to IGFs, but retain full affinity for the IGFBP-3 receptor.

These preliminary data support the hypothesis that 4-33 is a functional receptor for IGFBP-3 in
the breast cancer system, and that the interaction of IGFBP-3 with 4-33 may be an important
mechanism in the IGF-independent, growth-inhibitory actions of IGFBP-3. These studies firstly
demonstrated the underlying mechanism for the IGF/IGFBP-3 receptor-induced biological
function; the IGFBP-3/IGFBP-3 receptor axis arrests cell cycle progression through ablation of
the MAPK signaling cascades, and induces apoptosis via potentiating caspase activities.

Current findings under this grant support will provide pivotal evidence for clinical significance
and potential application of the IGFBP-3/IGFBP-3 receptor axis in the prevention and/or

treatment of human neoplasia, in particular, breast cancer.

HI. KEY RESEARCH ACCOMPLISHMENTS

e Demonstration of the binding specificity of the IGFBP-3 receptor (4-33) to IGFBP-3 and
other binding proteins.

e Characterization of the IGFBP-3-induced biological function in human breast cancer ells.

o Identification of the potential mechanisms for the IGFBP-3/IGFBP-3 receptor-mediated cell
cycle arrest and induction of apoptosis.

e Characterization of IGFBP-3 proteolytic fragments on ligand binding, cell surface association
and IGF-I receptor signaling.

11
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IV. REPORTABLE OUTCOMES

e Devi, GR, et al., 2000. Endocrinology, in press.

e Kim, H-S, et al., 2000. J. Biol. Chem, in submission.

e Ingermann, A.R. and Oh, Y. 2000. 4™ International Workhsop on IGF Binding Proteins,
Sydney, Australia.

e Kim, H-S and Oh, Y. 2000. 4™ International Workhsop on IGF Binding Proteins, Sydney,
Australia.

V. CONCLUSIONS:

In summary, my laboratory has demonstrated IGFBP-3 / IGFBP-3 receptor interactions in the
human breast cancer cell system, identified and initially characterized an IGFBP-3 interacting
protein from breast cancer cells, and generated a polyclonal antibody against this interacting
protein, and generated inducible IGFBP-3 stably transfected cell lines. Now, we have successfully
characterized binding specificity of the IGFBP-3 receptor to IGFBP-3; Only IGFBP-3 and its
fragment (aa88-148) bind the IGFBP-3 receptor with high affinity, whereas IGFBPs, -2, 4-, -5
and —6 did not interact with the IGFBP-3 receptor, demonstrating specificity of the IGFBP-3
receptor. We have also identified the IGFBP-3/IGFBP-3 receptor-mediated signal transduction
pathway in human breast cancer cells. Current studies demonstrated that the IGFBP-3/IGFBP-3
receptor axis causes cell cycle arrest in G1 phase and induces apoptosis. The underlying
mechanisms are ablation of MAPK signaling cascades and increase of caspase activity,
respectively. Further through investigation is currently in the process in my laboratory. As
characterization of the structure-functional analysis of IGFBP-3 and the IGFBP-3 receptor, we
demonstrated that these N-terminal fragments can bind specifically to insulin, and inhibit insulin
receptor autophosphorylation. As further investigation, we identified differential effects of
IGFBP-3 and those IGFBP-3 proteolytic fragments on ligand binding, cell surface association and
IGF-I receptor signaling. As laid out in the Statement of Work, We have completed Technical
Objective 1, Tasks 1-7 in this year. We have accomplished Technical Objective 2, Tasks 8-9 and
published 2 papers. Technical Objective 3, Tasks 10-11 are finished and published work. Tasks
11-12 are currently underway. In order to finish those Tasks, one-year extension was requested
and proved by the U.S. Army Medical Research Committee

12




VI. APPENDICES

Devi, GR, Yang, D-H, Rosenfeld, RG, Oh Y. Differential effects of insulin-like growth
factor (IGF)-binding protein-3 and its proteolytic fragments on ligand binding, cell surface
association, and IGF-I receptor signaling. Endocrinology, 2000, in press.

Kim, H-S, Ingermann AR, Tsubaki, J, Twigg, SM, Oh Y. Cellular expression of insulin-

like growth factor binding protein-3 arrests the cell cycle and induces apoptosis in MCF-7
human breast cancer cells,. J. Biol. Chem., 2000, in submission.
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protease(c) present in bisloglcal flulde or culture media (plac-
iy, prostatespedfic untigen (PSA), matelx uustallopou-
tearss) (9) sl these whose activity has besn demmnstrated
only in vitrn like that of stromelyain 2, thrombin (10). Serum
ICEBP proteases(s) have been detected in diabetes (11. 12)
renal (13), pregnancy (14), malignancy (15, 16}, and following
traumatic conditions or invasive procedures, such s swr-
wery. Clyavoge sitey in 1GFBP-3 huve beun logated at the
epinning al the vaciable damain (residioes S5e4H), pavtio-
larly residuc 97, which i3 the cleavoge site for PSA, plasmin,
human serum, and theombin yiclds a fragment of approxi-
mawly 16 kDa or 20 kDa (glycosylated IGFBP-3) (10). How-
ever, the t { X )l I-terminal tragiments, cantaining a highty ba-
sic heparin binding domain, have only been detected in virro
by plasmin digestion of Intact TCFRP 3 and these fragments
seem to inhibit degradation of other binding proteins (17), It
iy requgnixed that IGFBP prulsolysls ulyo vy b the noe-
wal slate oulside of [he bloodsteaan (18, 19) and Wt n the
cell snviremmient, it 1€ an easenhal mecharism in egniating
the bicavailability of IGF, Both intact IGFBP 3 and IGEBP 3
prateolytlc fragments have been chown to be capable of
bloddng the udlogenic effect of IGE (20). Wlether hese
actions primanily represent sl ~dependent or G indepan-
dent remaing 10 be derermined.
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Our laborotories have demonsliated that the Ni J;-termi-
pal recombivant Gagments of 1GURP-3% (1 87) and (1 47)
rutain Lie ability to hmd TGF, elbeit with substantially re-
duced afrmity. Additionally, these fragments spuilicadly
Bind insulin and modulate insulin binding tw its xeccphor (21,
23), Based unt these studies, it has heen hypothesized that the
corseevad Nt - and COOH terminal sequences, as well
the appropriate tornary structure fortwd Ly disullide bonds
In the six casyical WSFIPs, are sll required for high: affinity
hinding of IGFa. A reeent study had indicated that a natural
COOH terminal fragment of human IGEDE-2 selained par-
tial [GP-binding aclivity (23), and a " OOH-tarmine), {3 kDa
IGFDING hagment (aolated from hemofiltrate) chowed sim-
ilnr rasults (24). However, there [e limited infurrmativn o the
binding characteristics of the JGFBP-3 COOL L-lexminal do-
main and the resultant bivlogical ettects of profealyhic frag-
nuails conlaining sither the NHy- or COOH torminal reciducs.

Tn this study. we demonstrate the ability of COOH.
terminal fragments of IGFBF-3 (w Lind Habs The (Y8-264)
IGEDP-3 [cagment and the (1-77)NH.-terminal fragment arc
poth characterized, furthermore, by the abllity tobind insulin
with low affinity, but with highet allinily thanis (ke case for
Llact HGL0-3 Addihenally, we have exemined the cffect of
intact YGFRP-3 and the ICEBP 3 fragments on IGF-f-etimu-
lated autophosphorylation of the IGII reveptur (IGFIR)
B-cubunit and their #bilily o essociale with the cell sinface

Materials and Mcthods
Antibodivy und reugenis

IGRL and ICAT ware purhessd frum Avtead Midigicale (3anla
Clara, CA). WPLICFL (specifi. activitivs befwin 8070 w0/ g, by A
madification of Adarwsgne=T i furicd acd TCTTITAY mancclonal an-
ahody were killy pp,wir.lo_«l I,%'f\in&mhlic G]!.hhﬁ‘ll Taboealocies, Tne.,
Wabster, TX. IGFBP-3"Y~™ ™! o editainand fram Celtrix Tharma-
ceutlcals, Inc. (Sante Clare, CAY '1-(ATd-nmnaindinated inwilin was
pumhaud from Asmerslian Plian e in Bloteedo Row e insidio WII:FHP‘
chaged from S‘grn:. Anttphosphuty rovice: prrushawl Aulihu]y 4510
Wes 2 genarous git from Dr. B. T Druker (Departmant of Haatology
amd Medico) Oncalogy, Cregon Health Sciences University). Razyants
used for SL%-FACE wore purchazed from Bio Rad Laboratosles, Ine.
(Richmond, CA).

Cell cubiuwre

MLH, 313 geli; overexproszing the huwman IGFTR waea kindly giftad
trom Lr. C. 1. Robezte, Tr. (Department of Podlamics, Oragon EHealth
scicnees Yniversityl and grown in DMEM with 19% FCS plus 300 ug/ml
gerelian at 37 C with 5% CO2

Cencration end purification of recombinant IGFRP-3
proteolytic framments

(1-OMIGEEY Jang 188 118HGEFDP 3 FLAC  opitepe tageed fragmants
were genersted and purdice ;n baculmvinas and tected 10 be 99% pure,
na descrised edrlies (23, 36). 1he CONAs for the COOH-terminal feag-
ments (%-264) and (184 264) were gonerated by PCR amplification
fuwv the human IGUBPSG ¢DNA and @ FLAG epitope sequence
MYKNNDNNK), and a stop codon was sdded muncawstely fallowmsg
anrdhiwy acid 268. The signal peptide sequences of ILFEY 3§ CUNA were
Yigntiad 1o Nlgtermin ot 1GVEI-2 agments. Altce sequenang, the
QADh4 amplicon was then subeloncd 1Mo the bamlovinu expreion
ven Lo FARTNACT (Life Tecknoiogies) ana tranformed nto DHIGBac
Esvherivhw (uli olls The amplitied 1INA was tranatected Lalo S sect
culls (ATCC), wand taegemas aibe nediin puaciiication washegun by indechng
the P2 virus into 10° HI.S jnwact nulL (T'.IﬁIN\uﬁn),. ab a avedliplicity ot
infacdon of 3, 28 27 € fue 3days. Thie enwlia fivn (i infrcied cefls were

P EFFECT OF JGFBP 3 FRAGVRNTS ON IGFIR SIGNALING
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collncted and concentraced, and the ruauleents waze loal G s anti-M?2
anticody column overnight at 4 G, snd tha FLAG tgped (98-%64)
proteun wez thon cuted oy using FLAG peptide (0.5 p/ml), s de-
acribec earlies (2/). | he punficd protein wag fubjected 10 SDS-PAGE in
2 13% gel and stained with Coomasic bluc. Further, the fagenont wae
Al ilnlifin] Ty isannnhlotting with the M ant FLAG antibody
Fastrman Kinhak oo, New Tlaven, (1) end anti-JGFBP-2 monoclonal
arntibualy (Mimgawalic Systeras Laboratnries, inc). Lhted trachons irom
i ati-M? arduely cefinnawene paaled, mnnent.m!zd,mdmnh(,&cd
A% l‘\ll\l}’llhﬂl willt Rnerwn amonnts af BGA and 161D o hir wolt
sftmr wibvma bt pe.

M (ALPAHTCTTIN amplicwm, atter sequencing was subcloned i
Yo Celeindied gl of g’lnl.\l tione frtransferase ((7E) in the plasnid
PGEXET weud trarfiniamal dnder Dchrrichia anii cells. The culbure avas
grown overmight is & Beasnpi il and dndacod with 2 vt PTG, and the
call lysates of the (134'.-264) (AT firvian Pmluiu W ]'n-vxmmd. The
Jyeptae warq incubatod with CST Seph tasardy fue 1 b ot R ) o
wached, Purity and congentration of tha frag wury d it by
comparivon wita known amouste of BSA standards after stlvar stalning.
Fusther, the punfied protem was cuhiscted to SDE PACE in a 15% gol
and seined with Loomase dive end also rod to olhal
and identihed by wrmuaobloting with M antt FLAC antbody {13000
ditution).

e

Afinity cross-linking

Intact IGUDIM3 or the Nila- and COOH-ermunl fragmentd wese
incubsbed with *21-GL -1 or ¥1-insulin (50,000 cpm), 1 the presence or
aheeowe of uniabeled igand, in a 100! val tor 1L h at 4 L and then
cwaglinked with 0.5 st disaecinimidy] suberate (TF7) bor 15 min at d
C Tw Murpln&, wenw v ‘-uhj»'«'hd 10 ATYRPACTE (17% on 15% &Pls)
under seduting waditivew, and auterdiogeapty on Bicowe M Tilu
(Bsstnan Kodak Co.). Rands wera quantified by densitumatry (Bic-Rad
Laboratories, Inc),

Weetarn ligand blot analysis

Lizand bloting wae patformed 36 dercribed by Hossenlopp at al (28).,
with sunor mlnanm griafty, samples of intact ICPRP3 (1-97’),
IGEBP-3, and (PE-254)IGFB1.3 fragmants, at the concentrativoy indl
cated in the figure legends, were subfacted to SDSPACE (12% or 13%
pel) under reductlog or ductmg conditions, alactroblottad onte ni-
trocelluiose fliters, Incubgted with 1.5 & 10° cpm of 2=Ltmeulin or 2
mixtuze of S¥T ICF I and *WI.ICE-0, washed, dried, and expoeed to film
f

Monolayer ILIGP-T affinity cross-linking

PLICET QAN ¢ l‘n\l) wed L’Iiﬂ‘;l‘h’ull‘Mlﬁi oA mwenfupe Jube for2h
Ald O e e e o alienwe of cold 1GTL, inlarct IGERRD (0w
(98-2A4). TOFTIPA (200 ww) (183-204), TGETIPY (290 nw), ac (1-47)
TCFRPS (9.’"\ nm), RGN ',1,..|T.:«. (m mwr "F.Pm 150 e NACL N
TAA). Comfluce) NTELAT cedls dably Lransfected with the human IGEIR
IDVA (NTITATAICTTR cells) were incubaled in sarum free medium
avenigld The cells wers washed ance with TR, The calls were incu-
Dt withi e ' 7o1e1€RP-1 A HGPAPA Cainliineatlones du Ml Airaie walls fon A h
at 18 €. The cells wirs thun washed with PBS uzud crosseliadn]. will DAS
for 13 min at4 C, and the reaction wits queridwed with 100 sum Tris /HCL
Ths <ok were eolubliized with le buffer. The covalant Hgand-
receptor (V=T JGF 1 ICFIR) crmmplox in the lysatss was resolved on 2
RONICAUCING b% B FALE, follwed by autoradicgraghy, Another cot
of the 3mMe JMp'Cs 0 coll IyTaten war run on 3 16% B0 PACE under
reducng condilons and unmunoblotted with M2 anti FLAC antibody
or ant-{GEEY-3 monocional antibody. end the cell assocated bonds
were detected with enhenced chemilummescenice LAmessham Fharme
cia Biatern).

Determination of cell aurface azsociasion of intact JGFBP 3
and the fragmante

Lontuent monolaysrs of NTH 4T ICFTK culls were incubated in
serum vee medium Overmugat, lntnet (G BI-2 (20 nM: fragments VY 264
(250 n1e), 194 -204 (290 nd), 02 1 Y7 (28 Al AN the PIRSCRCE OF abisenee
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SOBANSPALE. The daty Ga Fig. 2A demanstrate that t

Of J0W gy il heparin (Gigma), in binding pultor, wos pdgicd to the ge.uz
i) ,:...%Lx apwiiment, cala wese tzcated with heparin (10C ug/ml; for
1 b Imfene .\d.&irinn of the peptides 83 Lated above. The meaments were
wmmival st a1 15 C fer 3 . The ¢elts weze washed with TBS and crot-
Tieked with TET:, as described above. | he solubuized cell lysates were
M con on & 15% SDS-PAGL andt smmunoblotted W'iﬂ.l MC}"GFBPG
s Wuial antibady 2nd detected vith ennanced chomiluminesoence

Q30 laindduced, IGFTR autophoaphorviction ascay

Confluses manolayes of serum-siarved NIESSTI-IGEL cells wese
axposed fur 5 uin 107 na TGP which had been preincubated with/
without intwt IGFRP-2 (1=97), TOTANA or (=-2ANGIVI-3tor 2hoat 4
¢. The reaction wiy qugm,hm] 'vy wolubatbizabiows buflee | 1% Nenidet (144,
20 s Tes-HCL (pH 89), 1 mu FITTA, 150 e NaCl, 10% glyceral, 12
U/ml aprtindn, pht_‘nylnmh hadfe lllyl Nuecide, and 1 myr NagVO, L
Solubllizad prateing (75 pl v ha ol grates) were ae arated by SU%-
PACE (7.5%) undie oadiing countitions and viamlizad by immunoblot
anatyss. Fur ol analysis, the fillers were blowked in ‘Triv-
buffarud saline (TBS) with 7% yelatin fiue 1 hab eom tlemperatire and
than {ncubated whth antiphanptulymmin anun e nat anlihndy (1.5 g/
@) dtluted by TBS + 0.1% Tritun X-100 (TRST) fiwr 1 b at v lera-
perate, The Altere wer then dnsed in 1 TBST wul dnculutoeel faew
18000 ditution of goat antbnouee IpGconfugated horserudish peroxis
dagc (Amescham Pharmacia Biotech) for 1 h st ronm temparature. Im.-
AUAOFCICIVE protains were vicualized uslng an enhanoed chemiiumi.
nescamice debection system.

Revulty
Fispreamon of the ICFBP-3 recombinant fragmente
Dased oo the asrertained and predicted TSA racognition
sites in IGFBP 3 and therecognition sites for other known

IGFBP-3 proteases, such # metelluprobrayes and plasudn,
buth intuct IGFBP-3 aud flour dlillesent rzomhinant frage
aentswers ganerated in 8 baculositua and /or Enchevichia colt
expression system, Each peptide was coupled with a FLAG-

THE EFFECT OF [GFRP-8 FRAGMENTS ON LOVTR SUANALING 3
A
Prodicted
. Mr X 16+
mm'-d "
1 7, 153 264
GEBE-S 5T I .. -u
) 7 ¢ 1 ,
1GPIMIs jizsamansanems phtreestts BT
98 264
¥t
IGFBP.3 ¥ 1% m 790
TGP teina 88 148 38
184 261
B
3
9 - .
& I S = + 4
B @ e = S B
o T g # g » 2
MW(KD) ™= = - MWED) & -
Y - - o -
30 - - - -
a1 - '
- P
- u-
auli-FLAG and-TGFRP-3

epitope tags at the carboxytusminue, us shown in Fig. 1A. The
pusified proleins were inmanablolted with antiel1.AG M7
ot anti-1GFBP-3 monociono! antibody for estirmation of their
molecular weights. Intact IGFBP-3 and W] the fragmwots
were delectable by aili=lLAL M7 anlibaudy ander cedocing
(1. B) and nonveducing conditiona. Dimerized forms of
the protelns were identified in anti-FLAG M2 immunoblots
run under nunnvducing, conditions (dala sl showa). Simall
disuepaunios between the Mr for infact IGVHP-T (1-97),
JGUE-S (MR =2h4), (GTED-S, and (76-148)TGFBP 3 proteing
scen on the immunoblots relative to the predicted Mr, which
ic purely based un amdbsw atid cumposition of the proteiny,
mruay huave arsercbecause of N-linked glycosylation There ave
thres potential N-glycosylation sites (Fig, 1A% Asn®™, Asn'®,
and Aen'”, in IGFBP-3 (29)., The anti-IGFBI-3 mouodond
wntibody debected intact 1GHM-D aad GE-264IGHIND wou
der both nonreducing (Fig. 1B) and redudng conditions (data
not shown). The fragment 187 way detectuble only under
nopredncing conditions. The 1Hé =64 and HH=14K fragments
were not detected effectively with this antibody.

Analysiy of GF binding to the IGREP-S
prutevlyiic fragments
To determine whether the regivns encompsssed by the
IGFBP-3 Laguwnts contaivent & banational Klalatinding/
erosa-linking site, the proteing were incubated with Y1 IGF-I
and then :.&n.lty cross-Unked with DSS and analy__zud by
Yol el -1

g D OPFRATOR: | Geasinn r\ng)or:?;*r's: AA's: | COMMENTS ARTNG: |
19t A, g HWE | tuikcro ) B ia oy

Fuy, L Baprewsion of FLAGwepilope (ugged human IGFBP-S und its
(ragments. A, The cDNA Ry preparation of the IGFBP-8 fragments
wye synlliesized by o series of PCR rouctions using the human
IGFBP.S «DNA us templuto und incarporating seq ding 3
COOH.lerminul FLAG wpitope tag. The dark boxey (1-87) represent
he consarved NH,.rarminsl rugion; the dlamond striped bowas (183—
264), tha conaervad COQH-tarminal reion; and the oquare swipsd
Beuser (RE-182), the variable Intermediate remion of IGFBP 3, The
prodicted moloeular weizhisc (MW aro based on the amine acid com
position of the proteing, B, Protein cxpression waa analyzed by im-
wrnoblotung unng the M monocional astibody under reducing con-
ditiona or the LUKELS fonal antibady under ducing
wonditions, coupled to LIUL.

vast bwe coonn-linbed (0 e (VONTCFBP-3 andd (98-264)
TGTRE-S fragments in a dnsa-dependent manner bigadticant
IGF ¢roos linking was observed at 50 na concentrations of
(1-4MIGFBP-3, which wuy cumpletuly saturated by 100 na
concentrahiona. fn the case of (YB=P63HEHI%T, A dioses
dependent Increase in ICF binding with increasing protein
cowentrations with saturation of binding occurred by
SO-AM cotwentration sanme. The expucted siews of the indi-
vidual protealyhe fragment conpled to -k Ia Z1IGL were
deteeted, shown as 25 and 44-kDo bends, reapachvely. A
faint band at 39 kDa ic potentally a dimerized form of 1 97
leaguwent caoss-Lluded to USB-L '

For estimation of the affinity of TGI-I hinding, the pro-
teclvtic fragments were affinity crocs-linked with ** ICP |

in lhe pasetcee of Tv'u'u«‘*.'liini; srvcmols of walalwlw) TGR-L oy
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THR RFFECT OF IGEPRE-3 i RALGMENTS ON IR BIGNALING &

Annlysig of inaulin binding to IGFLP-3 frig munls

The chservahons that insulin could compee for *<T-IGF-1
hinding to the fragments lod ug to assess their insulin bidiag
activity. Both (1-97)IGEBP-3 ynd (98-26)IGFUP-3 showad 8
gwony © T-byulin crossinking hand, 1 comparison with
(hat shasrvad with IGFBP 3 at similar concentrations (Fiy.
40), Unlabeled tnsulin was able tu dose-dependendly inpihit
1 inline binding, 10 beth the NI ip and CCOH-trminel
Leagonents (114, aK), althaugh cven higher concentrations of
unlabeled insulin could not completely dinplsce " l-usuli
binding to the (98-26LICEN-Y, supaeshng alowy disaoci
slion zate. {alsulabon of the unlabeled insulin concentra-
tions remreed to achicve ICg Indicated that the (1-87)
TGFBP-3 had an IC,, value ranging between 0.3-0.4 pm,
whereas nearly 1 pa wilvbeled bnulin was saquired horase
50% displacererd of Pi-insnhm bmding to the (96 264) fra
ment (g, 4¢). IGF-T wos also able 1o compete for the '"l-
insulin binding to the fragments, although highws coucen-
tratiorns of IGEL wese reguinad in the cave of (K -264)TGFRP-3.
1 summary, the (1=77)IGEFBP 3 showed sigrificontly high af-
finity for inculin, relative W the (98 ~264)IGFDF-3 fragsnwrl

Furllier, Weslern blob analysis with indinated inaulin
showwd fhat both the 1-97 and the 98 264 fragmants bound
insulin. The IGFBP-3 intermediaty fraygment (88-148), wlidl
lacks both the NH,» snd COOLL-levgnal domaine, shawed
no binding e IGEL IGH,or insulin, in Western ligend biot
{data not shawn).

JOERP-N anid 1-47 frognienix wbebut IGF-I interaction with
the IGFIR

1o determne, whether the ability of intact ICFBP 3and the
pmino- and carboxyterminal frogmient: to Lisud IGFs in vitro

_ lesd to wequestration of Mo1's m mrn, 8 SFIGE-T monolayer
Wtinity croan-linking aasay was done in the NIH 3T celis
erverexpressing the ICFIR (NTH-3T3-IGFIR). The data in Fig.
AN chows that PLIGED specificully crossliids with the

: L IGFIR showsu as a 230-kDa band nnder nanreducing condi-
e

liows 22Kt anding ta IGFTR was complercly displaced
by 100 n& unlabeled ICT 1. Further, the IGF-1-IGFIR complex
formation wae completuly inhibiked by preinicubation ol the
todinaled 1GE-L with uniabeled 1812 (11 nm) and about
WM miied by preincubating with 250 aM concencration of
(1 97) NH,-terminal fragrmant. Tle croas-liudandl band was
nut tibiled, however, hy prencuhation of the LSLICGGE-T
with o1 nm of O8-264ICFBP 3 or the (181 QNIGFBP-3
fragment,

 same cet of samples werv rosolved onan mumisnoblot
aud probed with MZ aoti=l1 AL anhhody. Results in Fig. 5B
sk fhat the carhoxyterminal fragments (98 264), (181
264), and intact ICEBP 3 molecules agenciated with the cell
surface in the presence of TCF-I. (1=87)IGEII-3, however,
showed 1w cell-agsociated hand.

The curbarvytorminal frrgmants have the ability to aasaciate
tn the cell Aurfoce

Recause, compared with the NH;-terminal fragment. the
(45-264) COOH terminal ICTBP-3 fragment failed t inhibit
binding of IGE-I to the IGPIR, we wanted to stuely e abilisy

of the Lagments © asscciale with the cell wrface w the
aheenes of IGT-1. Monelayer eross linking was carried out
with the FLAC ¢pitope tagged Intact IGFBP-3 (1-97) or (98-
264) fragmenss in NIH-3T3-IGFIR telly, and Use cell-ussoci-
aled proleins wee delected by immumablothng the ceil ly-
wates with anti-IGFRR-3 monoclonal angbedy. The (98 264)
carboxyterminl fragment and intact IGRBP-3 mwlecules s
suciated wille the cell swiace Q47)CHEBIG, however,
showed nn celi-ansemated hand (Fig. 6, lancs 2and B). Fur |

ther. there was no detectable shift in molecular welghts of the ™.

crustielinked proteiis wle conpared with control {1ig, 1)
nencrosselinked prnh-m pn-pnmﬁnn.q.

To teat whether the ability of intact ICFBP 3 and the car-
boxyltermlnal fragment to bind to the cell surfave wis viu the
heparin-binding domutzs, cels were preiigubatid witk hep-
ari (100 pg /ud) and then (rezalnd with the peptides; alter-
natvely, the pephdes were preincubated with heparin and
then added to the calls, followed by monolayer cross-linking
in both cases (Fig. 6). Sinilar revulls were olner ved a Lol
lyjws of experiments, 1A hepann klackad the rell surface
asaociation of intact ICKBP 3 (Fig. 6, lancs 3 and 4) and the
(98 -264)GFBP-3 [ragamwl (Fiy, &, Luws 6 aunl 7).

Inhibition of IR sigonfing

DBecauee intact IGFBP-3 and ity fragments huve the ability
ty bind IGFs and thereby ingedde il Dibvaction wil Ue
110, we analyzerd the patenhal biolagical manifestation of
this interaction on IGFIR signaling, This was carried cutby
tosting the offect of IGFBP-3 and its fragments on IGF-I-
induced IGFIR autuplwspholylation in NIL-3LUBAG LR cells
Cantrol expariments with 1GF-T revealed that 5-min trest-
ments with 7-14 nM of the peptide chowed maximal intensity

sutophosplivrylatoi of e 85-kDa band of e B-subrwdt ok o

K311 1n anfiphasphotyrasine immiunablots (Fig. 7A).

IGFBP 3 inhibited 10F 1 stimulated ausophosphorviation *
of the IGFIR S-subunit in a dose-dependent mansner (Fig, 7B).
Quuntification of (e Lddbilion of Uk pliesplweylated sub-
unitof 13191 wac arried ant hy densittmetnieally anatyzing,
the. specific 95 kDa band ond the 116 kDa nonupedific band
In each gel. The ratio of the two band intensities was used to
noriudize and caleudale Qe percentage ol sdsiual UsF-l-
shrmulated 15300 Autaphoaphorylation detected 1n the pres-
ence of IGFBP-3 and the IGFBP-3 fragment (Fig, 7C). IGFBP-3
catved 0% ddlilicur of G WEF-I-bdaced cdoplasplos yla-
hen at o=/ WA concentratinn range, and hy 15-20 nw TGFRP-3
concentrations, complere inhibidon of IGFIR awwphosphory-
{ation was obeerved. In contrast, the {(1-9NIGFBP-3 fragmment
i dbited ceveplor aulogtimpluuylalion wdy &t Yl w cusin -
trathons (=74 inhibition At 110-250 /v concentrations). The
(98 264)IGFBP 3 and (184 264ICEBP 3 fragments, however,
did not show any significant inhibition of IGF-l-induced IGFIR
autophiosplionplation, wva ol 270 am coaceateations (g, 7, I
and ), althaugh these fragments were able to bind IGFIin
binding assaye.

Discussion

We report hereln that IGFBP-3 fragments are capable of
binding IGF-T and IGF-11, although will lower allisty that
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Fic, 4. Ingulinbinding analysie. A, S insuiin afEnity cross.l d
IGEBP-3 proteolytic fragments werg incubatad with ¥*l-insulin (1 =
10% epm) 10 & 100 ul vol for 16 h at 4 € and than erozs-lnkad with 0.3
yom DSS Hr 15 min ar 4 C. The uffinity lubeied als ware
separatad on 1 15% SDS polyacrylamide gel. An auteradiogram of the
9! ks shown, which s rapr tive of three repid .. Values as-
sociared with the arroiwy indicute tha cnlewlated molerwdur weighty of
tha major radiouctive spucivs. B, Competitive " Lirsulin wfigity
croee-akinm IGFBP-3 and the proteclytic framments (50 nu) squiv-
aieat ta § pmol, woro incubaled with rodiolaboled ineulin in tho
PICICTEE oF abl of the indicated ions of unlabeled in

subn or IUF-I. Croos-hnking was then done wich DES. followed by
1143 "A (3, The auboraciogram of the dried xel1s showr. The arrows
ndiate thar g vadioactive species, (6, Wuantitative anaiysis of
rabinlabedod M insulin displacement from 1GNP fragmeta: the
uetn mhowar 10 TV were dengitometeically analyzad for quantieative
eanflatsbaenn ool (hes eadioaesivity associated with the individual banda,

The dalis have lewtn mapessed a8 8 peceevtage of wacinal hand
intaenaily.

MWL)

2

+ 4R 184-264

% ':
o e
M~
ny ’
: 20 -
-
G —

Fii, 5, Monolayer affinity crose-Unkinrwith *¥[-IGP-1 A, "BLIGE |
wag vrelacubatod a1 4 € i tho preconos o abeeaso of unlabaled IGF I
(100 nx, IGFBP 8 (80 anj, or frammenta (360 aM): end then these
weatmente svore addod w tonflucet menolavers of NIH 8T¢ IGFIR
colle for 3 & at 15 C. Afor wathing, the ooflc wore eroca linlied, and
Coll lyeatol woro rus 98 & 6% SDS PAGE gel. The arrow indicates she
IGFIR tpoaloe eroce linked Lo radiolabelod IGF 1. B, A aet of thg same
ocll lytaton were run on o LB% SDS PAGE, under reduacd mnditions,
and immunoblotied with M3 aati FLAG monoctonal entibody.

e abidity L bind bsulinowith higler wffinity than gbagrved
with imtact FGTRI-3. The principal camclusion is (hal the
igh affinity binding of IC;Fa by TGFRP-3 requirea prapsr
rel?ﬁm' cort\)friguzaﬁoi af the NH,- and COOf;Iq\temﬁ:al do
maing This tlemvation is fulher supported by tha reunt
concept of an TGFED suparfarmiy (3, 31). {'ver the conrse ot
evolution, the classical ICFBPs, which have well conserved
NEf- wul COOH-lenningd  douuing, evolved into high-
effinity IGT-binders (1). in contrast, the IGERI ' Iy attinily
ICGFBPs) only ghare the conserved NH, terminal domain (32),
Tlis shruclural diiferenie, cormbined with the umt data,
stroagly yplicate Uve impoelasce of U JGFRF COOH-tenni-
nal domain m confarnng, lghaffinity 110 Wnding
The concept that interaction between NH;- and COOH-
terminal domaing v essential for high-affinity IGF binding
was imihally conreived based on oheervations thal profecls
vsis of IGFBPs in biclogical flulds results in fragments that
have diminished e ne binding altosities ea WGFs (33), Tle (o
vitro generation of recombinant fragments ot fragments iso
tated by limited profealvsis suppodls Uw in vieo odate, A
16-kDa fragment corresponding to the NH; terminuz and o
small pertion of Lilesnwlisie tegion, gengraled by prooe
lytically modifying IGFBP-4, apecificnlly cross-limked n hoth
[%SI’-I and 11, although with a 20-fold lower affinity than intact
WGER (34, 35) bimdlardy, & carboxylwicaled 23-kDa
IGFBP-5 fragment from ostaoblast-like calls damanairated
decreased [&.I‘:ind.ing affinity (36,37). Deledon mutagenesis
of the cathoxyterminal domaing of K313 %1 and JGPAM4 has
rezulted in a decreazc In IGF affinity, thercby demonstrating
the inypartance of the highty canseved Cys-Tiy-Lvs-Val ino-
tf in the carboxyterminal reglon (38, 39). The present study
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Fu. 8. Effect of buepeordio an ol sen Bive: assaciation of GBI and
{ts frugmeenis. Confloent, NTR.STR-IATTR 1xlis weir toratad with ei-
thar peptides ulonw [lune 1, unlyssled tudly, Tis 2, HEPRPY, ane 5,
(98-264)IGFBP-3; lunw B, (1-9TCFRP-Y] ur witle puspslicheh pusinui-
bated with beparin for 1 hat 4 C llune 4, IGFBES 1 Lespuriay; Juun 7,
(98 2640)IGFBP 3-+hoparin); or the cells were fint weuled witl: hep.
arin for L b, wachod, and thon the following peptides wars added: lana
8, ICPEP & lonc 6, (85 26HIGFBY 3. All tho treatments were car.
e out for & hat 18 C. After waching, tho celle wero roes-1inked, and
ol [130t08 wore run on o L6% SDS PAGE and tmmunoblotted with
anti-ICFEF-3 monoclonal natihedy. Tho arrowe indicate the cell-
surlacc-0330010%0d Ipoaeo.

15 the firet t cearly demonstrate the ability of e 28-kDa
(QBw204), 130815 intermediate | COOH-tneminal proleo
Iytic fragment to bind both IGFs and insulin in two different
procedurey, alliily woss-lnddng and Weslem tipand hiok
tntereatingly, the binding of the (98 260ICFBD-3 fragment
to ““IIGE or '"l-insulin war competitively displaced by
botly 65t} atut ingithn, though with different affinities, sug-
gesting that the insulin and IGF binding sites are probably
net identical Lut overlap oo ceside clogely an the 101EP-S
molecule. This is in contrast with the (3 $7)IGFBP-3 frag-
mwnt, wheeg iyulio wid 1GF-1 wese approximately aqisipos
tent in displacing *LIGF L

We have ehown that IGFBP-3 cousuy @ duse-dependent
igddhilion of 1G1-l-induesd IGTTR autnphospharyletion in
NIH 3T3 colls overoxpressing the IGFIR, This inhubition w-
curs al an 11 mwlas saliv of 1GERP=T to i3, suggeatng an
1GF-dependent mechanism of moduwlation of receptor sig-
naling. The (1.97) NH,-teruidial agumil setained the abils
ity to mednlate (GR-] binding and signaling via the IGFIR by
inhibitng IGR-l-stimulated ICTIR autuphosphorylation, el-
kil At Hfald higher concentrations than intact ICFBP 2.
That thie Inhibition of YOPIR gignaling ix lurgely attributable
o soquestration of (GF-T s atronaly supported by the ob
servations that both intact IGFBP- und (1-97)IGFEP-3 com-
pebe willy "l hindiag/evacs-hnking to the receptor in
monolayer affinity ¢rose linking experiments,

Intercatingly, the (98-264) hagment acdike the (1-97)
IGIEP-2, failed to show any inhibition of IGFIR signaling,
despite lte ability to bind IGPs, us revealed by i uilro binding

anadysis. The COOLwreinal fragments (9E=204) and (18-
264) alsn failed to competc for *#] ICF I binding and crozs
linking to the IGKIR, compared with intuct IGFBP-3 wid (e
(1-87) Nt ly-lewrrdcal IGFIMW) teagmont We specuiate that
the inability of the fragments containing the COOH terminal
domain of IGFBP-3 to inhibis IGF.I Linding tv the IGFIR
Fould he atfributable to the fallowing mechaniams: () the
COOH-terminal fragment binds IGR.L, and the entiré cim-
ples, is sF capabile ol binding, ta ant antaphosphorylahng
the ICFIR, implying that the binding site on IGF- for the
weeepion aned Loy Hhe carbryterminat cegion of KRR ave
diffecent; and 2) the COOH termina! domain of ICFBY 3
pusseses an extracelluler ruatix (BCM) binding ceglion, and
it is possihle that m the cellnlar snvironment, the fragments
eontaining the COOH-terminal domains are more pronc to
aseaciate with the cell surface and are not available to se-
queesler 1L, egpecially given fheir low affinity for 1IG1 To
test these hypotheses, the ability of the FLAG cpito‘rc tagged
fraguments o waociale wills e cell vuelace wasslu ted i Uwe
presence of IGF-T, with subacquent erass-linking and by anal-
ysis of cell lysates on immmunoblots probed with anti-IGFBP-3
or M2 anh-lil Ay anhbedy. Or data indicate that the
CQOH-tarminal fragiments (98 -261) and (184-264) have the
alrUily Lo assaciate (o the cell surlace in the presence of 1GE-),
unlike the NH, fragment (1 97), IGFBP 3, which showed no
call-surface association, Purther, there was no shift in mo-
Jeeular weight ot the cellestrtace assaciated bands, and hep-
arin blocked the binding of both intact and the (98-264)IC
FBP-3 fragment to the cell surface, ruling out the poscibility
of interachan of the feagments with any receptor malecule
and thereby supporting the second hypothests. This 2 In
agoremen! willva eaclien stuly (40), wludd iepoiied tial an
ICEBP 3 deletion fragment. lacking the 184 264 region.
ailed Lo stiow any well-surface ssocistion. There are two
putative heperin-binding motifs in TGFEP-Y, located at
amino acidr 148-153 and 219-226 in the central and car-
bovviterminal vegions, respectively, and the cacbeyltesn-
nal motif has been shown to have 4 fold higher affinity for
hyparin (43). Rewuntly, Brarard. ¢f ol., 1999 {42), have iden-
hfied two nonhanie readnek (GIyAD and GIrAR) within the
BCM binding rogion (201 218} in the carboxytermind] region
of MGSEBE-5, miulativus of whidhi cause 8- (10-fuld teduction
in affinity for human IGF I, This region is  highly conserved
donuas i IGFBP5, -3, und -6 and iy kawwn to contain the
hepnrm-bmdin%dnmmn. The authors have proposed that
the IGR1 and BECM bindin sites partially overlap, and hep-
arin hinding to the hasic aming acids might infeckere with
ICE | interaction i vito.

Previvus ptudies with mini-receptor constructs and with
wzolated domains or protealyhe fragmeants of the 16121 143)
urokinage receptor (14), GH rocoptor (15), ®ln (16), to name
alew, have conditaned the volvernent of two or tore ligend
enntact regiona. Samilarly. in the case of IGEFRI-3, it saams
that the IGE- and ingutin-binding domaing are bipactite and
posably averlapping. In aur hiological system, the ctonehi-
ometry of IGFBP-3 binding to 1GF-I seems to be 1:1. We
postulzte that hath NI - and COXE l=termiinal damaing have
reziducs that arc capable of binding ICF [ and insulin with
low afiinity. However, there in simultungouy intyraction of
the twa sarralled half wtes, 1n infact TGTRE-S, which eveates
a high-affinity ICF binding site on the melogule. Slmulta-
neously, Uds audeiactivn leads o d ackedly teduced ability
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Fii. 7. IGFIR autophospliorylating asuy. A, Quiflueel NIHATS-
TGFIR colls utably trunsfected withs ihe huwan IGFIR <DNA were
oxpaeed for elther 5 min or 10 min to 1, 7, and 14 nm iGF-I paptide.
The reaction was quenchod by colubilization buor. and tho colubt
fized proteins wore separnted by 7.6% SDS PAGE. wuicr reduging

t002, and hinod by i hlot annlyvic usiax entipber
photereaine monoddonal antibody. The armow indicatcs the 68 kDu
J-subunit of LGF IR, B, Uondluent NTH AT IGFTR col's were cxposed
tor & mua to 6V ng/ml JUE.1, which had been preincubated with
LCKFEPG, 147, or YUY 264 Droteclvtic ragmcent for S b at 4 C. The

¢ NLM
184-264

of intact TGRBP-3 ta bind inswlin, pussibly because o mask-
ing ot the residues that interact with inaulin, a3 & reqult of
terdary conformational change (21). With respect o ICF
Lirding, G MUY, it is inrlear whather the WH;- and
COOH tarminal demaine contribute equally, We predict the
puesence ol lunctional residues m the N 4ermimns (1-97)
and COOH terminus (149 284) that confer high affinity by
couperative or conformabivna) Guges, U sl uilusdl 1esi-
dues that mediate the nacessary nonenvalent interactions
may zeside in the NH,-, intormediate or COOH-terminus of
the TGFBP-3 molecule, Altlernatively, given the sleiking sims
ilarity of the NH;-terminal domains and the fact that this
regtion is encoded by & single exon in ull of thy clayyical
K31 BI'x and the IGERP-rMa (low-sffinity TGF binders), it is
poggible that the NH -terminue ic the critical functional com-
ponent invalvad in binding 1Gls, and that comformahonal
effecte imposed on the NI, -terminus by the COOH-turminal
demaim are required for high-affmity Wnding,

In suzmary, the prosent study. along with previous work
Jroat owr sl otles laboralouies, clearly denvonslrates the
abitity of the I(IFBP-3 aminoterminal fragment to bind IGF
and insulin and to inhibit IGFIR and inwulin recaptor sutos
phespharylation {1, 77}, revealng that thie 1trkTa fmpmant
may bo capable of both ICF-I-dependent and IGF-Indepen-
dieny roles in mudutating call growth |lowever, the carboxe
ylterminal fragments, which also have the ability to bind
both IGF-1 and bwulin ie wire, fadl to prevent binding of
cither (CF 1 or insulin (datx not shown) to their respoctive
receplons, Lecause of e tendeny ol Uwse haguwnls lo cell
surface associction via the heparin binding demain. Also
intriguing i the identification of 4 thyroglobulin-like motif
0 the COOHArrmmal regons of (GUH waperfarmly, which
has alzo been found in the superfamily of protein inhibitors
vl Lysleiswe puoleinaey (47, 48). Whettigr thiy highly one
served thyroglobulin type-T slement indesd acts a¢ an in-
hibitor of cysteine proteinases in these proteins, remalne to
be satablishad. The mtarmediate region af G151 dnes net
swum to bind IGRs or insulin, and its role in high-affinity
bindimg 0 TGl 15 probabty refated to its ahility to promate
propar tertiary structurg and optimal interactions between
the aminn- and carboxyterminal residuse Turther, ot has
been demonstrated that the intermediate region of IGFBP-3
i imvalved in the sparihc mevachion between 1GEBS and
its putative cell-surface recoptor (26), Taken rogcathcr it is
lemyiting (W specudale Uial vardowy forus of IGFBPS (reys
ments weaulting from protealysis by TGERD-Y specific pro-
teases will have different effects on the ICF-ICFIR axls, a5

well as potenhal It seindmpendent actions

Aclovowledgments

W aow gt 10 Dhnna Corabiaons it Fiiosdasths Wilsea fae tectudoad
sopprnt and o D Vicinn YTwa winl Sloplin M Twigyy fur duelpfud

solubilized protelns were separatad by 7.5% SDS.PAGR, under »e-
ducing corditiong, and vieualized by immunoblot analysis ueing on

dpacephotyrocins tegonional antibody. The arrowe indicatc the 96

kDo & aubunit of TGFTR i» cach imaaaoblot, G, The speahie Ue-kla
bands represcntiag the pnosphioryiated fhsubunt of the LULLL and
the LA6-BUA nonapcilic bands in the gelz shown io I3 and in other
wepheate sxpariments in = U—-4)were denmtometnically analyzed. The
200 0f the two band 1nteasities was used to normalize and quantify
1he percentare of maxmal {UF-{-nduced JGELL autophosphoryla-
Ton detecied 19 she presencs of atact JGMEL-Y and ite fragments.
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Summary:

The IGFBPs are classically known to bind IGFs and modulate the IGF signaling system, however, emerging data have
suggested that IGFBPs may play more active, IGF-independent roles in growth regulation in various cell systems. In
support of this hypothesis, IGFBPs, in particular IGFBP-3, have been recently shown to potently inhibit proliferation
of various cell types in an IGF-independent manner. However, the specific mechanism for the IGF-independent action
of IGFBP-3 is not yet clearly understood. In the present study, we have demonstrated a novel, IGF -independent role for
IGFBP-3; cell cycle arrest and induction of apoptosis in MCF-7 human breast cancer cells. MCF-7 cells, which do not
produce IGF peptides, were stably transfected with an IGFBP-3 cDNA construct using the ecdysone-inducible expression
system. Dose-dependent inducible production of IGFBP-3 protein was detected in the induced stably-transfected cells,
compared to undetectable levels in control parental and uninduced stably-transfected cells. Induction of IGFBP-3 in
these cells showed dose-dependent inhibition of DNA synthesis as assessed by [3H]-thymidine incorporation assays.
This inhibitory effect was abolished by co-treatment with Y60L-IGF-I, an IGF analog which has significantly reduced
affinity for the IGF receptor but retains high affinity for IGFBP-3, demonstrating specificity and IGF-independence. In
addition, flow cytometry analysis showed that induced expression of IGFBP-3 led to an arrest of the cell cycle in G1-
S phase. Induction of [GFBP-3 resulted in a significant decrease in the mRNA and protein levels of cyclin D, but not
cyclin E, as well as concomitant decreases in the levels of cdk4, total-Rb, and phosphorylated-Rb, consistent with and
presenting a possible mechanism for IGFBP-3-induced cell cycle arrest. Moreover, IGFBP-3 inhibited oncogenic Ras-
induced phosphorylation of MAPKs, presenting the evidence for cross-talk of IGFBP-3 signaling with MAPK signal
transduction pathway. IGFBP-3-expressing cells also displayed increased Annexin V binding compared to controls,
exhibiting the IGFBP-3-induced apoptosis. Further studies demonstrated that IGFBP-3 caused an increase in caspase
activities, suggesting a potential mechanism for the IGFBP-3-induced apoptosis. Taken together, present study shows
that cellular production of IGFBP-3 leads to cell cycle arrest and induction of apoptosis, thereby inhibiting cell
proliferation in these MCF-7 human breast cancer cells and suggesting that IGFBP-3 functions as a negative regulator
of breast cancer cell growth, independent of the IGF axis.
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Introduction:

The insulin-like growth factor binding proteins (IGFBPs) are components of the IGF signaling system, and their
superfamily is comprised of six high affinity species (IGFBPs 1-6) and several low affinity binders (IGFBP-related
proteins (IGFBP-rPs)) (1-5). The classical role of the IGFBPs involves IGF binding and modulation of IGF signaling,
however, recent data suggest that some IGFBPs may play more active, IGF-independent roles in growth regulation in
various cell systems (6-19). In particular, IGFBP-3 has been shown to potently inhibit proliferation of various cell
types in an IGF-independent manner. This concept of IGF-independent action of IGFBP-3 is supported by demonstrations
that (1) exogenous IGFBP-3 binds to specific proteins on cell surface and this interaction is strongly correlated with the
ability of IGFBP-3 to inhibit cell growth (8, 9); (2) overexpression of a transfected human IGFBP-3 cDNA inhibits cell
proliferation (10-12); (3) IGFBP-3 mediates transforming growth factor-b (TGF-b)- (13), retinoic acid- (14), antiestrogen-
(15), vitamin D analogs- (16), and tumor necrosis factor-a (TNF-a)- (17) induced growth inhibition; (4) regulation of
IGFBP-3 gene expression plays a role in signaling by p53, a potent tumor-suppressor protein (18); and (5) IGFBP-3
fragments inhibit the stimulation of DNA synthesis induced either by IGF-I or insulin (19). Recently, several reports
have demonstrated that IGFBP-3 induces apoptosis in PC-3 prostate cancer (20) and MCF-7 breast cancer cells (21),
and increases ceramide-induced apoptosis in Hs578T breast cancer cell line (22). However, the specific mechanism for
the IGF-independent action of IGFBP-3 is yet to be elucidated. Moreover, applications of the purified IGFBP-3 from
biological fluids and recombinant species have showed limitation for the biological studies due to concerns about the
purity, bioactivity and post-translational modification of IGFBP-3. In this study, we have investigated a novel, IGF-
independent role for IGFBP-3; cell cycle arrest and induction of apoptosis in MCF-7 human breast cancer cells by
inducible cellular expression of IGFBP-3.

We hypothesized that IGFBP-3 inhibits cell growth in an IGF-independent manner and were interested to
determine whether its growth-inhibitory effects involve regulation of the cell cycle arrest and/or induction of apoptosis.
To address these questions, we generated a subline of MCF-7 cells (which do not produce IGF peptides) stably transfected
with an inducible IGFBP-3 cDNA construct using the ecdysone-inducible expression system. This controlled system
was used to look carefully at the effects of induced IGFBP-3 expression on the cell cycle and apoptosis. We then
investigated possible mechanisms of growth inhibition and the signal transduction pathways involved in inhibitory

actions of IGFBP-3.




Experimental Procedures
Materials

Cells were purchased from American Type Culture Collection (Rockville, MA). Tissue culture reagents and
plastics were purchased from Mediatech (Hemdon, VA), Becton Dickinson (Franklin Lakes, NJ) and Nunc (N aperville,
IL). Monoclonal antibodies against cyclin D1 were purchased from NeoMarkers (Fremont, CA), cyclin D3 from
Calbiochem (Cambridge, MA), cyclins A, E and poly(ADP-ribose) polymerase (PARP) from Santa Cruz Biotechnology
(Santa Cruz, CA), cyclin-dependent kinase (cdk) 4 from Transduction Laboratories (Lexington, KY). Polyclonal
antibodies against retinoblastoma protein (Rb), phospho-Rb, p44/42 mitogen-activated protein kinase (MAPK), and
phospho-p44/42 MAPK were purchased from New England Biolabs/Cell Signaling Technology (Beverly, MA).
Monoclonal antibody against IGFBP-3 and a radioimmunoassay kit for IGFBP-3 were generously provided by Diagnostic
Systems Laboratories (Webster, Tx). Recombinant human IGF-1 analog, Y60L-IGF-I was the generous gift of Protigen
Inc. (Mountainview, CA). DEVD-AMC and LEHD-AMC flourogenic caspase substrate peptides were purchased from
Biomol (Plymouth Meeting, PA). The ecdysone-inducible expression system was from Invitrogen (Carlsbad, CA).
Human cyclin D1 ¢cDNA was purchased from American Type Culture Collection (Rockville, MA). A constitutively
active Ras (RasV12) cDNA expression construct was the kind gift of Dr. Philip Stork, Vollum Institute, OHSU, (Portland,

OR). DNA preparations were made using kits from Qiagen (Chatsworth, CA).

Generation of an MCF-7-derived Inducible IGFBP-3 Cell Line

A cDNA encoding human IGFBP-3 was cloned into the pIND expression vector. This construct was
cotransfected with pVgRXR (encoding a hybrid ecdysone / retinoid X receptor) into MCF-7 cells using FuGene 6
transfection reagent (Roche, Indianapolis, IN). Cells were split 48 h later to low density into selective medium containing
G418 (800 pg/ml) and zeocin (100 pg/ml). After 14 days, isolated foci of selection-resistant cells were subcultured and
expanded. To test for the proper inducible expression of IGFBP-3, each clone was cultured in the presence of the
inducer ponasterone A (2-15 uM). Conditioned media (CM) were collected to test for ponasterone-inducible expression
of IGFBP-3 by western immunoblot. Hybrid receptor only-transfected (MCF-7:EcR) cells were used as a negative

control.

Cell Cultures

All cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 4.5 g/liter
glucose, 110 mg/liter sodium pyruvate, and 10% fetal bovine serum. Stably-transfected MCF-7:EcR cells were
maintained in selective medium containing 100 pg/ml zeocin. Stably-transfected MCF-7:BP-3 cells were maintained

in selective medium containing 800 pLg/ml G418 and 100 pg/ml zeocin. For studies involving the induction of IGFBP-




3 expression, cells were seeded and cultured until 60-70% confluent, then switched to serum-free media with or without
15 uM ponasterone A for 72 h, unless otherwise indicated in the text. CM were collected and centrifuged at 1000 X g

for 10 min to remove cell debris.

[ 3H, [] Thymidine Incorporation Assay

Cells were seeded and cultured in 24-well dishes. After three days of IGFBP-3 induction, a 4 h pulse of 0.1
uCi of [3H] thymidine (25 Ci/mM; NEN, Boston, MA) in a volume of 25 pl was added to each well. Cells were
incubated, and the rate of DNA synthesis was estimated by measuring the trichloroacetic acid-precipitable radioactivity,

as described previously (23).

Flow Cytometry: Cell Cycle and Apoptosis Assays

Cells were seeded and cultured in 6-well dishes, then induced to express IGFBP-3. Cells were harvested,
pelleted at 1000 rpm for 5 min and washed three times with phosphate-buffered saline (PBS). For cell cycle analysis,
each sample was resuspended in propidium staining solution (50 mg/ml propidium iodide, 100 U/ml RNase A, 0.1%
Triton X-100, 0.1% sodium azide in PBS) and incubated for 30 min in the dark. Analysis of apoptotic cells was
performed using FITC-conjugated Annexin V (Santa Cruz Biotechnology, Santa Cruz, CA ) according to the
manufacturer’s directions. Data were collected on a FACSCalibur flow cytometer (Becton Dickinson, Frnaklin Lakes,

NJ) equiped with an argon laser. The data were analyzed using Cell Quest software (Becton Dickinson).

Western Immunoblotting

Cell lysates were prepared as described previously with minor modifications (24). In brief, confluent cells
were washed with cold PBS, then scraped from plates in the presence of cold RIPA lysis buffer containing 20 mM Tris,
pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% Na DOC, 0.1% SDS, containing a protease inhibitor cocktail (Roche,
Indianapolis, IN). Cell lysates were rocked for 15 min at 4°C, then centrifuged to remove cell debris. The aliquots were
stored at—70°C until use. Conditioned media samples were fractionated by 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) under nonreducing conditions, while cell lysate samples were fractionated under reducing conditions.
Fractionated proteins were electrotransferred onto Hybond-ECL nitrocellulose (Amersham Pharmacia, Arlington, VA).
Membranes were blocked in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST), and incubated
with primary antibodies diluted in TBST for 2 h at room temperature or overnight at 4°C. Membranes were washed in
TBST, then incubated with horseradish peroxidase-conjugated secondary antibodies (Southern Biotechnology Associates,
Birmingham, AL), diluted 1:7000, for 1 h at room temperature. Immunoreactive proteins were detected using Renaissance

Western Blot Chemiluminescence reagents (NEN, Boston, MA).




Northern Blot Analysis

Total RNAs from monolayer cultures of IGFBP-3-transfected stable cell line cultured with or without
ponasterone A were isolated using the RNeasy RNA isolation kit (Qiagen, Chatsworth, CA), and quantitated by
absorbance at 260 nm. Five pg of total RNA were electrophoresed on 1% formaldehyde gels and transferred to
GeneScreen Plus nylon membranes (NEN). Membranes were UV crosslinked and stained in 0.02% methylene blue /
0.3 M NaOAc, pH 5.5 to verify equivalent loading and transfer. 32p_labelled cDNA probes were prepared using the
Prime It kit (Stratagene, Cedar Creek, TX). Membranes were hybridized in ULTRAhyb buffer (Ambion, Austin, TX)
overnight at 42°C, and washed in 0.1 X SSC as described (3).

Densitometric and Statistical Analysis
Densitometric measurement of immunoblots were performed using a Bio-Rad GS-670 Imaging densitometer
(Bio-Rad, Melville, NY). All experiments were conducted at least three times. The data were analyzed with Student’s

t test, using the Microsoft Excel 98 software package.

Caspase Assay

Cells were seeded in 96-well plates until 90% confluent, then incubated in triplicate with or without ponasterone
A for the times indicated. Cells were lysed in 30 ul per well of ice-cold lysis buffer (50 mM HEPES, pH 7.4, 0.1%
CHAPS, 0.1% Triton X-100, 1 mM DTT, 0.1 mM EDTA). 20 pl of each lysate was used in assays for caspase activity
using a combination of two fluorogenic peptide substrates, DEVD-AMC and LEHD-AMC, which together cover
specificity for a wide range of caspases. Lysates were distributed into a 96-well black plate and diluted in 190 pl of
assay buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA, 10% glycerol). Serial
dilutions of free 7-amino-4-methylcoumarin (AMC, Sigma, St. Louis, MO) diluted in assay buffer were included to
generate a reference standard curve for determination of the amount of AMC released in each reaction. The plate was
pre-incubated for 10 minutes at 37°C, then the reactions were started with the addition of DEVD-AMC and LEHD-
AMC to each well to a final concentration of 40 UM each. Reaction kinetics were monitored for up to 16 hours at 37°C
in a Bio-Rad Fluoromark fluorometer, with plate readings taken every 10 minutes at excitation/emission of 390nm/
460nm. Of the remaining cell lysate, 5 ml were assayed for protein content. Data were analyzed from the linear
portion of the reactions using Microplate Manager software (Bio-Rad), and final results were adjusted for protein

content,




Immunocytochemistry

Cells were seeded in 8-chamber slides and cultured until 70% confluent, then incubated with or without ponasterone A
for 48 or 72 hours. Cells were then rinsed twice in PBS, fixed in 4% paraformaldehyde, then rinsed again in PBS. For
some antibodies, cells were additionally incubated in ice-cold methanol for 2 minutes on ice. Slides were blocked in
5% normal goat serum / PBS / 0.1% Triton for 1-2 hours at RT, then incubated with primary antibodies diluted in
blocking solution at 4°C ovemighf. Slides were rinsed 3 times 5 minutes in PBS and incubated with secondary antibodies
diluted in blocking solution for 1 hour at RT. Slides were rinsed as before, and cells were covered in 50% glycerol
before coverslipping. Data were collected on a Nikon (Melville, NY) Diaphot 300 inverted fluorescent microscope
equipped with a 1.3 megapixel CCD camera (Princeton Istruments, Trenton, NJ) using IPLab software (Scanalytics,

Fairfax, VA).




Results
Induced Expression of IGFBP-3 in the MCF-7-derived Sstable Cell Lines

For these studies we developed a subline of MCF-7 human breast cancer cells which expresses IGFBP-3
when cultured in medium containing an inducing compound, ponasterone A. The parental MCF-7 cells do not express
detectable levels of IGFBP-3, and also do not express IGF peptides (25), making this cell line an ideal choice. A total
of 16 selection-resistant clones were generated, and these were tested for inducible expression of IGFBP-3 by western
immunoblotting of conditioned media (CM) samples. Figure 1 shows the panel of IGFBP-3 protein production from
these 16 clones. IGFBP-3 was expressed in clones #2, #3, and #6 in an inducible manner, while constitutively expressed
in clones #1 and #16. Expression of IGFBP-3 could be detected from 24 h at the concentrations of ponasterone A
ranging from 1 to 15 uM without affecting the cell viability (data not shown). Clone #3 (MCF-7:1GFBP-3 #3) was used
for further experiments. Quantitative analysis of IGFBP-3 protein levels in CM of induced MCF-7:1GFBP-3 #3 cells
using a radioimmunoassay indicated that maximal levels of IGFBP-3, ranging from approximately 100-150 ng/ml,

occurs on day 3 at the concentration of 15 uM ponasterone A.

IGF-independent Inhibition of DNA synthesis by IGFBP-3

Induced expression of IGFBP-3 by ponasterone A resulted in an inhibition of DNA synthesis compared to
IGFBP-3-uninduced cells (MCF-7:IGFBP-3 #3 without ponasterone A), shown in Fig. 2A. This inhibitory effect of
IGFBP-3 was dose-dependent, with 45% inhibition at a concentration of 10 uM ponasterone A (p<0.001). Meanwhile,
an inhibition of DNA synthesis in pVgRXR-transfected control cells (MCF-7:EcR) was not prominent. This effect of
IGFBP-3 does not result from blocking the mitogenic actions of IGFs by preventing their binding to IGF receptors,
because MCF-7 cells, which do not produce IGF peptides (25), were cultured in SFM in our system to exclude the
effects of IGFs. Moreover, this IGFBP-3-induced inhibitory effect was abolished by co-treatment with Y60L-IGF-I, an
IGF analog with a leucine for tyrosine substitution at amino acid position 60, has a 100-fold reduced affinity for IGF
receptors but full affinity for IGFBP-3, demonstrating the specificity of the IGF/IGF receptor-independent action of
IGFBP-3 (Fig. 2B).

IGFBP-3 Arrests the Cell Cycle and Regulates Cell Cycle-related Proteins

To identify the mechanism for the growth-inhibitory effect of IGFBP-3, we performed flow cytometry analysis. MCF-
7:IGFBP-3 #3 and EcR cells cultured in SFM with or without ponasterone A were used to analyze the cell cycle profile
by propidium iodide staining of DNA content followed by flow cytometry detection. The treatment of MCF-7:1GFBP-
3 #3 with 15 UM ponasterone A caused a decrease in the percentage of cells in the S phase, from 18.4% in the absence

of ponasterone A to 13.8% and an accumulation of cells in the G1 phase from 72.1% to 78.1% (Fig. 3). There was no



change in the cell cycle distribution in EcR cells treated with ponasterone A (data not shown). These results suggest that
induced expression of IGFBP-3 leads to a cell cycle arrest in the G1/S phase. We further examined whether IGFBP-3
affects the levels of cell cycle regulatory proteins, such as cyclin D1, cyclin D3, cyclin A, cdk4, Rb, and phospho-Rb,
which are known as key cell cycle regulatory proteins for progression through G1 phase of the cell cycle in breast
epithelial cells (27, 28). Firstly, we examined steady-stable cyclin D1 mRNA level by northern blotting using MCF-
7.JGFBP-3 #3 cells cultured in SFM with or without ponasterone A (Fig. 4A). Both cyclin D1 mRNA species,
approximately 4.5 and 1.5 kb in size, were observed in MCF-7:IGFBP-3 #3 cells. A significant decline in 4.5 kb cyclin
D1 mRNA levels were observed from 24 h after addition of ponasterone A. In contrast, the 1.5 kb mRNA species was
not affected by addition of ponasterone A. The expression of IGFBP-3 mRNA was observed from 12 h, before the
decrease in expression of cyclin D1 mRNA. Hybridization with b-actin showed equal loading of the gel. Further,
immunoblot analysis revealed a concomitant decline in the levels of cyclin D1 protein (Fig.4B). Addition of ponasterone
A resulted in a reduction in cyclin D1 in MCF-7:IGFBP-3 #3 cells, but not in EcR cells. Decreased levels of cyclin D1
in MCF-7:IGFBP-3 #3 cells with ponasterone A was reversed by co-treatment of Y60L-IGF-I (Fig. 4C), suggesting the
IGFBP-3 cither directly or indirectly is involved in regulating cyclin D1 expression in an [GF/IGF receptor-independent
manner.

Further analysis of various cell cycle-regulated proteins was performed in MCF-7:IGFBP-3 #3 cells cultured
in SFM with or without ponasterone A at 0, 24, 48, 72 h. As shown in Fig. 5A, the levels of cyclin D1, cdk4, total Rb,
and phosphorylated Rb were decreased from day 1 and levels of cyclin A from day 3, while the levels of cyclins D3 and
E were unchanged. These results suggest that IGFBP-3 specifically decreases the levels of cyclin D1, cdk4, and total
and phosphorylated Rb in these cells, presenting a possible mechanism for IGFBP-3-induced cell cycle arrest in G1/S
phase. Ultimately, the decreased levels of Rb and phosphorylated Rb may serve to directly suppress exit from Gl
phase. Additionally, as shown in Fig 5B, immunocytochemistry experiments revealed a similar pattern of decreased
protein levels. Immunodetectable levels of Cyclin D1 and phosphorylated Rb proteins were significantly reduced in

cells induced to express IGFBP-3 compared to controls.

Effect of IGFBP-3 on the MAPK signaling pathway

Previous studies indicated that mitogen-activated protein kinase (MAPK) cascades modulate the expression
of cyclin D1 (29), thus we examined the effect of IGFBP-3 on MAPK cascade proteins. Fig. 6A shows that the levels
of phosphorylated, but not total p44/42 MAPK was decreased in MCF-7:IGFBP-3 #3 cells after induction of IGFBP-
3 with ponasterone A. Further, immunofluorescent microscopy studies demonstrated that induced expression of IGFBP-
3 results in significant decrease as well as disturbed subcellular localization of phosphorylated p44/42 MAPK (Fig.

6B). This suggests that the IGFBP-3-mediated decrease in cyclin D1 results, at least in part, of modulation of p44/42



MAPK activity.

To further investigate the cross-talk between IGFBP-3 signaling and the MAPK signaling cascades, we
transiently transfected constitutively active Ras (RasV12) into our cell system. As shown in Fig. 7, overexpession of
oncogenic Ras resulted in stimulation of DNA synthesis as well as activation of p44/42 MAPK. Induction of IGFBP-
3 expression caused a significant inhibition of both oncogenic Ras-induced DNA synthesis and p44/42 MAPK

phosphorylation. Taken together, these data suggest that [IGFBP-3 antagonizes Ras-MAPK signaling cascades.

IGFBP-3 induces apoptosis

At the same time, we determined whether IGFBP-3 could induce apoptosis using the annexin V binding assay, which
is used to identify cells in the early stages of the apoptotic process (26). Fig.8A shows that induced expression of
[GFBP-3 caused increase in the percentage of cells in the apoptosis, from 1.5% in the absence of ponasterone A to 36%,
suggesting that IGFBP-3 induces apoptosis in this cell system. Additional indication that IGFBP-3 induces apoptosis
came from results of assays for caspase activity. The data in Fig 8B demonstrate that induction of IGFBP-3 expression
causes an increase caspase activity in these cells as measured by incubating cell lysates with a combination of the
purified fluorogenic caspase substrate peptides DEVD-AMC and LEHD-AMC. Caspase activity in uninduced cells
lysates was detected at an average of 7.8 pmol AMC released/min/mg to an average of 10 pmol/min/mg with induced
IGFBP-3 expression (p<0.05) at 48 hrs. In addition, IGFBP-3 increases caspase activity in a dose-dependent manner.
The topoisomerase II inhibitor etoposide, and taxol, which reversibly binds to tubulin, were used as control apoptosis
inducers. To present further evidence of capase activation by IGFBP-3, we examined cleavage of one caspase sub-
strate, poly(ADP-ribose) polymerase (PARP) by immunoblotting. This nuclear enzyme is proteolytically cleaved by
activated caspases during apoptosis (30). As shown in Fig. 8C, the induced expression of IGFBP-3 resulted in an
increase of the 85 kDa carboxy terminal fragment of PARP, confirming that IGFBP-3 induces apotosis at least, in part,

through activation of caspases in MCF-7 breast cancer cell system.



Discussion

A growing accumulation of data has demonstrated that some IGFBPs, including IGFBPs -1, -3, -5, and pre-
sumably IGFBP-rPs, have their own IGF-independent biological actions (3, 5, 8-11). In particular, the IGF-indepen-
dent effects of IGFBP-3 have been reported in various cell systems by treatment of recombinant [IGFBP-3 exogeneously
or use of stable transfection systems. However, its action requires relatively high concentrations of recombinant IGFBP-
3, ranging 500-1500 ng/ml to achieve biological effects of IGFBP-3 (8, 11, 20, 21). At present study, we utilize the
ecdysone-inducible expression system in MCF-7 human breast cancer cells, and thereby examining the biological
effects of endogenous IGFBP-3 expressed under controlled induction. As demonstrated, human endogenous IGFBP-
3 was induced ranging 100-150 ng/ml in our cell system, of which concentrations appear to be comparable to those
obtained in conditioned media after treatment of various reagents, such as TGF-b, RA, TNF-a and entiestrogen, for
investigation of biological function of induced IGFBP-3 in various cell systems. Our results demonstrate that this
Jower concentration of endogenous IGFBP-3 is sufficient to inhibit DNA synthesis and induces apoptosis, despite
relatively high concentrations (300-1000 ng/ml) of recombinant IGFBP-3 which were required to obtain similar bio-
logical effects of IGFBP-3 in MCF-7 cells (21). It is tempting to speculate that difference in the sensitivity of IGFBP-
3 on biological function may result from the difference of IGFBP-3 preparations, that is a natural vs. recombinant form,
and endogenous secretory protein from the cell or exogenous form added to the cultures. In addition, post-translational
modifications, such as glycosylation and phosphorylation, may affect the sensitivity. On the other hand, sensitivity to
IGFBP-3 may determine whether the cell types express the oncogenes or other molecules which influence the signal-
ing pathways in the development of IGFBP-3 insensitivity. Martin and Baxter (31) reported that resistance to IGFBP-
3 is induced in normal mammary epithelial cells transfected with oncogenic ras, therby activating the MAPK/ERK
pathway. In contrast, MCF-10A normal human mammary epithelial cells, which require 10-100 ng/m! human plasma-
derived IGFBP-3 to achieve a similar level of inhibition to that seen with 500-1500 ng/ml in the transformed cells, are
considerably more sensitive to IGFBP-3 than breast cancer cells. Increased activity of oncogenic Ras-dependent sig-
naling pathways is implicated in the development of IGFBP-3 insensitivity (31). It is of note that MCF-7 cells do not
express oncogenic Ras, which may explain why such low concentrations of IGFBP-3 are sufficient to exert its biologi-
cal effects.

The IGF-independent effect of IGFBP-3 has been extensively investigated in variety of cell systems, how-
ever, the mechanisms by which these actions are exerted are not fully elucidated. Recent studies have proposed that
IGFBP-3 functions as an apoptosis-inducing agent and that this action is mediated through a p53- and IGF-independent
pathway in PC-3 prostate cancer cells (20), whereas IGFBP-3 has no direct inhibitory effect on Hs578T breast cancer
cells but could accentuate apoptosis induced by ceramide (22). On the other hand, a vitamin D3 analog (Ro 24-5531)

inhibits cell growth and increases the IGFBP-3 mRNA and protein levels in human osteosarcoma cell line, and the



inhibition in cell growth is accompanied by a decrease in the expression of p34cdc2, a protein critically involved in cell
cycle regulation. These studies have provided circumstantial evidence that IGFBP-3 involves cell growth arrest (32).
Our present studies focus on identification of the potential mechanism for IGFBP-3-induced growth inhibition, and
demonstrate for the first time that IGFBP-3 induces cell cycle arrest in G1 phase by regulating expression of cell cycle-
regulatory proteins, in particular cyclin D1, as well as inducing apoptosis by modulating proapoptotic caspase activi-
ties.

Since IGFBP-3 prevents cell cycle progression at G1 phase, we determined whether IGFBP-3 affects cell
cycle-regulated proteins in MCF-7:IGFBP-3 #3 cells. Components responsible for the coordinated progression through
the cell cycle include the cyclin-dependent kinases (cdks), regulatory cyclin subunit, and cdk inhibitors (33-35). Once
extracellular signals activate the synthesis of the regulatory cyclin subunit, appropriate sites on the catalytic subunit
must be phosphorylated by the cdk-activating kinase (CAK, also known cdk?7) to phosphorylate the product of the Rb
gene, resulting in the derepression of E2F/DP-dependent transcription and passage through S phase of the cell cycle
(36, 37). D-type cyclins (cyclins D1, D2, and D3), in conjunction with their catalytic partners, cdk4 and cdk6, have
been known to execute their critical functions during mid-to-late G1 phase, as cells cross a G1 restriction point (33).
Overexpression of cyclin D1 can shorten the G1 cell cycle phase, decrease cell size, reduce requirements for growth
factors (38-40). Microinjection of antisense constructs or antibodies to cyclin D1 into normal fibroblasts can prevent
them from entering S phase (38, 41). In contrast, cyclin E is expressed later in G1 phase and its expression is periodic
and maximal at the G1-S transition (42). In our study, we have found that induction of IGFBP-3 leads to inhibition of
expression of cyclin D1 mRNA followed by a reduction in protein levels, and concomitant decrease of cdk4, total Rb,
and phospho-Rb proteins, indicating a possible mechanism of cell cycle arrest in G1/S phase. In contrast, cyclin D3,
cyclin A, and cyclin E do not show any change, suggesting that cyclin D1 is a major player in the regulation of G1-S
phase progression by IGFBP-3 in MCF-7 cells. Cyclin D1 is important for neoplastic transformation as well as cell
cycle pregression. When cyclin D1 is cotransfected with other oncogenes, such as activated Ha-ras or adenovirus E1A
into human fibroblast, malignant transformation of cells has been reported (43, 44). Overexpression of cyclin D1 in the
mammary gland of transgenic mice induces mammary carcinoma (45). Moreover, dysregulated cyclin D1 expression
have been observed in human neoplasia, including breast cancer (46, 47). These results suggest that IGFBP-3, which is
able to modulate cyclin D1 expression, has a potential role in a strategy for anti-cancer therapy.

The expression of cyclin D1 is known to be regulated by transcriptional, translational, and posttranscriptional
processes (48, 49). Multiple signaling pathways seem to be involved in the regulation of cyclin D1 expression at a
transcriptional level. Previous studies have shown that cyclin D1 expression is regulated by the p42p/44 MAPK, p38
MAPK, and Jun kinases (JNKs) (29). Moreover, direct induction of cyclin D1 can be achieved by serum, growth

factors, cytokines, Rb, oncogenic Ras, and Src kinase (29, 50-53). Ectopic expression of E2F1 inhibits the cyclin D1



protein at the transcriptional level, suggesting a negative feedback for cells already in S phase (54). Decreased expres-
sion of cyclin D1 by IGFBP-3 shown in this study may be, at least in part, associated with the decreased level of p42/
p44 MAPK activity. Our results demonstrated that induced expression of IGFBP-3 results in inhibition of not only
basal level of phosphorylation of p42/p44 MAPK but also oncogenic-Ras-induced phosphorylation of p42/p44 MAPK,
indicating that IGFBP-3 appears to interact with the Ras-MAPK signaling cascades, presumably on a downstream
effector of Ras and thereby regulating cyclin D1 expression and subsequent cell cycle progression. More proximal
events of IGFBP-3-induced antagonism of the MAPK signaling pathway will be the subject of future studies in our
laboratory.

Beyond arrest of the cell cycle, our data also indicate that cellular expression of IGFBP-3 promotes apoptosis
in MCF-7 cells. Apoptosis is a major multi-faceted form of cell death, that has been implicated as playing a role in
several human diseases, including cancer. There are a series of events involved in the commitment and execution of
apoptotic cell death, several of which have been well characterized. Among these are changes in the plasma mem-
brane, with the enzymatically-driven translocation or “flipping” of phosphatidylserine (PS) to the extracellular surface.
The result of this process can be detected utilizing the binding properties of Annexin V, which binds preferentially to
PS and other negatively charged phospholipids. Our results show a clear and significant increase in annexin V binding
in cells induced for IGFBP-3 expression relative to controls. Another indicator of the apoptotic process is caspase
activity. Caspases are a family of evolutionarily related cysteine-dependent proteases, with an universal specificity for
Asp in the P position, that play a prominent role during the progression of apoptosis. Activation of caspases and
subsequent cleavage of critical cellular substrates are implicated in many of the morphological and biochemical changes
associated with apoptotic cell death. Using an assay which detects activity of a broad range of caspases, we demon-
strate a measurable and reproducible increase in caspase activity in IGFBP-3-induced cells relative to control uninduced
cells, and further the increase in caspase activity was dose-dependent with regard to IGFBP-3. Furthermore, increased
cleavage of the caspase substrate poly(ADP-ribose) polymerase (PARP) was observed after induction of IGFBP-3
expression. The nuclear enzyme PARP is proteolytically cleaved by activated caspases, primarily caspases 3 and 7
during apoptosis, but can also be cleaved in vitro by a wide range of caspases (30). It is of note that MCF-7 cells do not
express caspase 3 due tu a functional deletion of the gene (55), suggesting that the IGFBP-3-induced activation of
caspase activity may be mediated primarily through caspase 7 and others. Nevertheless, these three lines of evidence
indicate that induction / promotion of apoptosis is a major effect of cellular expression of IGFBP-3 in these cells.

Our previous studies have demonstrated that IGFBP-3 inhibits cell growth in an IGF-independent manner
through an IGFBP-3 receptor in Hs578T breast cancer cells (8, 9, 13). In addition, we have sequenced and character-
ized a novel gene/protein which specifically interacts with IGFBP-3, designated IGFBP-3 receptor (BP3-R) (unpub-
lished data). When we transfect BP-3R into IGFBP-3-induced cells, DNA synthesis was further inhibited (by an aver-



age of 65%) compared to control IGFBP-3-induced cells (an average of 45%), suggesting that IGFBP-3 and BP-3R
appear to cooperatively suppress DNA synthesis and cell growth, to an extent greater than that seen with IGFBP-3
alone (unpublished data). Furthermore, BP-3 R alone without induction of IGFBP-3 results in no significant changes in
DNA synthesis and cell growth in the same cell system, suggesting necessity of interaction between IGFBP-3 and BP-
3R for IGFBP-3-induced biological function.

We thus concluded that cellular expression of IGFBP-3 inhibits DNA synthesis and cell growth through the
cell cycle arrest in G1 phase and induction of apoptosis at physiological concentrations in an IGF-independent manner
in MCF-7 breast cancer cells. Regardless of the underlying mechanisms, the present study demonstrates that IGFBP-3
decreases the levels of cyclin D1 protein, followed by cdk4, Rb, and phospho-Rb, indicating a possible mechanism of
cell cycle arrest. Although we cannot exclude a possible additional posttranscriptional and translational regulation of
cyclin D1 by IGFBP-3, our results suggest that IGFBP-3 decreases the cyclin D1 expression at the level of transcrip-
tion, in part, through the decline in p42/p44 MAPK expression. This novel cell cycle regulatory and apoptosis-inducing
aspect of IGFBP-3 have clinical significance in the prevention and/or treatment of human neoplasia, particularly in

conjunction with IGFBP-3 receptor.
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Fig. 1. Panel of IGFBP-3 expression in 16 clones tested for induction with ponasterone A. MCF-7 cells were stably
transfected using the ecdyson-inducible system. Transfected cells were selected in G418- and Zeocin-containing medium.
Incubation of the cells with Ponasterone A induces the expression of IGFBP-3. Clones 1 and 16 constitutively expressed

IGFBP-3; clones 2, 3, and 6 expressed [IGFBP-3 in an inducible manner.

Fig. 2. Inhibitory effect of IGFBP-3 on DNA synthesis in inducible stably transfected MCF-7 cells. A) Cells were
treated with ponasterone A at concentrations of 0-10 uM for 72 h in SFM prior to assessing DNA synthesis by [3H]—
thymidine incorporation. Significant decreases in DNA synthesis compared with noninducible control (receptor only)
transfected cells were seen. B) Cells were treated with Y60L-IGF-I (100 ng/ml), an IGF-I analog with significantly
reduced affinity for the IGF receptor but high affinity for IGFBPs, in the presence or absence of ponasterone A (10 uM)
as indicated for 72 h prior to assay for [3H]-thymidine incorporation. The inhibitory effect of IGFBP-3 was abolished
by Y60L-IGF-1, demonstrating IGFBP-3 specificity and IGF-independency. * = p<0.05, ** = p<0.001.

Fig. 3. Cell cycle arrest in the IGFBP-3-induced cells. Asynchronous MCF-7:IGFBP-3 #3 cells were seeded with or
without ponasterone A in SFM for 72 h. The percentages of cells in the various phases of the cell cycle were determined
by propidium iodide ataining for DNA content and subsequent flow cytometry. These data show that induced expression

of IGFBP-3 resulted in an arrest of the cell cycle in G1 phase.

Fig. 4. Induced IGFBP-3 expression causes a reduction in Cyclin D1 at mRNA and protein levels. A) Northern blot
analysis of a time course of cyclin D1 and IGFBP-3 expression in induced and uninduced cells. With the induction of
IGFBP-3, expression of the 4.5 kb cyclin DI mRNA species is decreased. Expression of the 1.5 kb species is not
affected. B-actin was used as a control. B) Western blot analysis of Cyclin D1 protein in the MCF-7:IGFBP-3 #3 and
MCF-7:EcR cells after treatment with increasing concentrations of ponasterone A for 72 h. Induction of IGFBP-3
results in a significant decrease in the level of Cyclin D1. C) Co-treatment with Y60L-IGF-I reverses the decreased

level of cyclin D1 showed in [GFBP-3-induced cells, demonstrating specificity of IGFBP-3.

Fig 5. Cell cycle proteins affected by induction of IGFBP-3 expression. A) Western blot analysis of various cell cycle-
related proteins in the MCF-7:IGFBP-3 #3 cells cultured in the presence or absence of ponasterone A at indicated time.
The expression of cyclin D1, cdk4, total Rb, and phospho-Rb starts to decline from day 1 in the IGFBP-3-induced cells,
presenting a possible direct mechanism for IGFBP-3-induced cell cycle arrest. A decrease of cyclin A expression is
evident after day 3. B) Immunofluorescent staining of cells showing the decrease in Cyclin D1 and phosphorylated

RD detectable levels with the induction of IGFBP-3.




Fig. 6. IGFBP-3 induction causes a decrease in active MAPK. A) Western blot analysis of p44/42 mitogen-activated
protein kinase (MAPK) and phosphorylated p44/42 MAPK in the MCF-7:IGFBP-3 #3 cells cultured the presence or
absence of ponasterone A at indicated time. The phosphorylation of MAPKs declines with induction of IGFBP-3. B)
Immunofluorescent staining of phospho-p44/42 MAPK in control uninduced and IGFBP-3-induced cells. A decrease

in detectable levels of phospho-MAPK is evident, as well as perturbed subcellular localization.

Fig. 7. IGFBP-3 antagonizes Ras-induced MAPK signaling. MCF-7:IGFBP-3 #3 cells were transfected with a
constitutively active Ras (RasV12) construct, which increased A) DNA synthesis and B) phosphorylation of p44/42
MAPK. Induction of IGFBP-3 expression abrogated both of these RasV12-induced effects.

Fig. 8. Induction of apoptosis in the MCF-7:IGFBP-3 #3 cells. A) Asynchronous MCF-7:IGFBP-3 #3 cells were
seeded with or without ponasterone A for 72 h. Cells were incubated with Annexin V, then binding of Annexin V was
determined by flow cytometry. IGFBP-3-induced cells showed significantly increased binding of Annexin V, an indicator
of cells undergoing apoptosis. B) Asynchronous MCF-7:1GFBP-3 #3 cells were cultured with or without ponasterone
A, and cell lysates were assayed for caspase activity. Induction of IGFBP-3 caused a dose-dependent increase in
caspase activity compared to control uninduced levels. C) Detection of PARP cleavage to the p85 protein species as
detected by western immunoblot. An increase in the p85 species was seen in lysates from IGFBP-3-induced cells

compared to uninduced controls. * = p<0.05.
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